We compared biological repair after acute myocardial infarction (AMI) with selected porcine progenitor cell populations.
Background
Cell types and mechanisms responsible for myocardial repair after AMI remain uncertain.
Methods
In a blinded, randomized study, we infused autologous late-outgrowth endothelial progenitor cells (EPC) (n ϭ 10, 34 Ϯ 22 ϫ 10 6 CD29-31-positive, capable of tube formation), allogeneic green fluorescent peptide-labeled mesenchymal stem cells (MSC) (n ϭ 11, 10 Ϯ 2 ϫ 10 6 CD29-44-90-positive, capable of adipogenic and osteogenic differentiation), or vehicle (CON) (n ϭ 12) in the circumflex artery 1 week after AMI. Systolic function (ejection fraction), left ventricular (LV) end-diastolic and end-systolic volumes, and infarct size were assessed with magnetic resonance imaging at 1 week and 7 weeks. Cell engraftment and vascular density were evaluated on postmortem sections.
Results
Recovery of LV ejection fraction from 1 to 7 weeks was similar between groups, but LV remodeling markedly differed with a greater increase of LV end-systolic volume in MSC and CON (ϩ11 Ϯ 12 ml/m 2 and ϩ7 Ϯ 8 ml/m 2 vs. Ϫ3 Ϯ 11 ml/m 2 in EPC, respectively, p ϭ 0.04), and a similar trend was noted for LV end-diastolic volume (p ϭ 0.09). After EPC, infarct size decreased more in segments with Ͼ50% infarct transmurality (p ϭ 0.02 vs. MSC and CON) and was associated with a greater vascular density (p ϭ 0.01). Late outgrowth EPCs secrete higher levels of the pro-angiogenic placental growth factor (733 [277 to 1, 214] 
Conclusions
Infusion of late-outgrowth EPCs after AMI improves myocardial infarction remodeling via enhanced neovascularization but does not mediate cardiomyogenesis. Endothelial progenitor cell transfer might hold promise for heart failure prevention via pro-angiogenic or paracrine matrix-modulating effects. Cardiac cell transfer is a promising new strategy for biological repair of the dysfunctional heart. Clinical translation of initial proof of concept studies with bone marrow-derived mononuclear progenitor cells in mice (1) has gained significant momentum, but studies in patients with acute myocardial infarction (AMI) have shown mixed results (2) (3) (4) . In most randomized studies a heterogeneous mononuclear cell (MNC) population was infused in the infarct-related coronary artery (IRA), and change in global ejection fraction was evaluated as a surrogate primary efficacy end point.
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There is a growing recognition that indirect paracrine trophic effects rather than cardiomyogenesis resulting from progenitor cell transdifferentiation mediate the observed changes in contractile function or infarct size after infusion of a mixed MNC population (5 (11, 12) . The MSCs were genetically labeled with lentiviral vectors encoding enhanced green fluorescent peptide (GFP) or nuclear targeted LacZ gene for biodistribution studies. The functional titer of the GFPexpressing lentiviral vector was 1.75 ϫ 10 7 U/ml; multiplicity of infection was 14. Induction of AMI and hemodynamic measurements. Pigs (20 to 30 kg) were pre-treated with 400 mg amiodarone for 1 week and with aspirin and clopidogrel 1 day before AMI. Pigs were pre-anesthetized with ketamine hydrochloride (20 mg/kg, IM) (Anesketin, Eurovet, Heusden, Belgium), followed by continuous infusion of propofol (0.15 mg/kg/min, IV), intubated and ventilated with a 1:1 mixture of air and oxygen and anticoagulated (10,000 IU heparin). The AMI was induced under continuous electrocardiographic (ECG) monitoring by stenting and 90-min balloon occlusion of the proximal circumflex artery, followed by reperfusion. One week later, control medium, EPC, or MSC were injected via a perfusion catheter inflated in the stented circumflex artery segment during a 10-min stop-flow condition. Immediately after cell transfer and before pigs were killed, angiography of the IRA was repeated to confirm patency. Aspirin (100 mg) and clopidogrel (75 mg) were given daily for 7 weeks.
Hemodynamic variables were measured with a 7-F Millar catheter positioned in the left ventricle (LV). Heart rate, LV systolic and diastolic pressures, and first derivatives thereof (dP/dt max/min ) were recorded at baseline, before cell transfer, Isolectin-B4-stained (L5391, Sigma) vessels in 5 highpower fields in infarct core and border zones and in remote myocardium in 9 pigs/group. We blindly investigated the presence of dense (Type I) and loosely assembled (Type III) collagen with circularly polarized light on randomly selected Sirius red-stained sections from the infarct border zone of CON, EPC, and MSC. Expression of genes involved in LV remodeling, neovascularization, and apoptosis was measured with quantitative polymerase chain reaction (qPCR) in extracts from these areas (Online Table 1 ).
In addition, we studied LacZ-labeled EPC and MSC engraftment and survival in the infarcted myocardium at 7 weeks and biodistribution to remote organs at 1 week. Different zones in the heart, lung, liver, kidney, spleen, and brain were sampled for histochemical LacZ staining and qPCR analysis of labeled cells. Transcript levels of genes encoding growth factors were analyzed in 3 independent cultures of EPCs and MSCs, whereas secretome in conditioned medium from cultured EPCs and MSCs was analyzed in 4 independent experiments with enzyme-linked immunoadsorbent assay for fibroblast growth factor-2, vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF)-1, transforming growth factor beta-1 (R&D Systems, Minneapolis, Minnesota), and placental growth factor (PLGF) (Thrombogenics, Leuven, Belgium). Statistical analysis. Hemodynamic and MRI data and vascular density are presented as mean and SD, and changes from baseline to 7 weeks were analyzed with Kruskal-Wallis tests. Transcriptome and secretome data in EPC and MSC are presented as median, minimum, and maximum and compared with Mann-Whitney U tests. Differences in matrix gene expression and vascular density between treatment groups were analyzed with Kruskal-Wallis tests.
Relative upslope in circumflex artery perfused segments and infarct transmurality were compared with analysis of variance for repeated measures. In this model, we adjusted for possible correlations among all segments by taking into account the distance between 2 segments. We assumed that these correlations decreased exponentially as the distance increased between the segments. All treatment differences were estimated and presented with 95% confidence intervals. To account for multiple pairwise comparisons between treatment groups, significance level was adjusted with Tukey's method. All statistical tests were 2-sided and assessed at the 5% significance level. All analyses were performed with SAS (version 9.2, SAS Institute, Cary, North Carolina).
Results

Study group.
Of 52 pigs, we infarcted 44 pigs and completed invasive hemodynamic assessment at 7 weeks in 33 animals (12 CON, 10 EPC, 11 MSC) (Fig. 1 ). Of these, 23 (7 CON, 9 EPC, 7 MSC) underwent serial MRI. Three pigs died during induction of AMI (before allocation), whereas after allocation 4 died in CON (1 pneumonia, 1 sepsis, 1 ischemic cardiomyopathy, and 1 unknown), 2 died in EPC (1 air embolism during cell transfer, 1 unknown), and 2 died in MSC (1 infection, 1 unknown). Eight additional pigs were serially scanned at 1 week and 7 weeks to account for growth-and biological age-related changes in LV volumes and mass. Phenotypic and functional analysis of labeled porcine progenitor cells. Flow cytometry of EPCs revealed uniform expression of CD29 and CD31 but not the monocytic marker CD45, whereas MSCs expressed CD29, CD44, and CD90 (Fig. 2) . The MSCs displayed a typical spindle-shape appearance with a Ͼ80% transfection efficiency for GFP and retained plasticity after multiple passages and labeling (Figs. 2H and 2I). Late outgrowth EPCs induced vascular network formation on matrigel (Fig. 2E ). Transcriptome analysis of cultured EPCs and MSCs indicated a trend toward higher expression levels of angiopoietin-1, hepatocyte growth factor, IGF-1, IGF-2, and VEGF-A in MSCs (which was not affected by GFP overexpression, data not shown), whereas platelet-derived growth factor-beta was predominantly expressed in EPCs (Table 1) . Secretome analysis of conditioned medium from EPCs showed significantly higher levels of the proangiogenic protein PLGF (p ϭ 0.03), whereas conditioned medium from MSCs contained higher VEGF and IGF-1 levels (p Յ 0.05) ( On the basis of prior dose-finding studies, 34 Ϯ 22 ϫ 10 6 EPC and 10 Ϯ 2 ϫ 10 6 MSC were injected in the circumflex artery. Cell or placebo transfer was performed at 7 Ϯ 1 days after AMI for all groups, and pigs were killed 6 weeks later. Hematological values and liver and renal function tests at 1 week and 7 weeks were within normal limits (data not shown).
CINE-ANGIOGRAPHY, DELAYED ENHANCEMENT, AND
PERFUSION STUDIES USING MRI. In 2 pigs (both EPC), cineMRI could not be analyzed due to triggering artefacts. One week after AMI, LV ejection fraction equally and significantly decreased in all groups compared with values in healthy pigs. Six weeks later, ejection fraction showed a modest and similar increase in the 3 groups (Table 3) ; in contrast, LVESV significantly increased in CON and MSC but not in EPC (Online Fig. 1A, Table 3 ) (p ϭ 0.04). A similar trend was measured for LVEDV (Online Fig. 1B, Table 3 ) (p ϭ 0.09). Importantly, in 8 uninstrumented sham animals, body weight increased by 127% versus 90%, 100%, and 101% in infarcted CON, EPC, and MSC pigs, respectively. The concomitant, Values are presented as median (minimum to maximum); n indicates the number of cell cultures. ANGPT ϭ angiopoietin; EPC ϭ endothelial progenitor cell; FGF ϭ fibroblast growth factor; HGF ϭ hepatocyte growth factor; HIF ϭ hypoxia-inducible factor; IGF ϭ insulin-like growth factor; MSC ϭ mesenchymal stem cell; PDGF ϭ platelet-derived growth factor; SDF ϭ stromal cell derived factor; TGF ϭ transforming growth factor; VEGF ϭ vascular endothelial growth factor; VEGF-R ϭ vascular enothelial growth factor receptor.
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age-related increase in LVESV was 3 Ϯ 8 ml/m 2 (ϩ4%) in sham pigs but more than 2-fold higher after AMI in CON and MSC pigs (but not in EPC-treated pigs). Similarly, LVEDV increased by 15 Ϯ 12 ml/m 2 with age in sham pigs (ϩ26%), which again was further accentuated after AMI in CON and MSC but not in EPC pigs (ϩ31% and ϩ46% vs. ϩ7%, respectively). Taken together, LV dilation in CON and MSC but not in EPC-treated pigs exceeds volume changes related to normal growth and aging.
No differences in initial infarct size were measured before cell transfer (Table 3 ), but the pattern of infarct remodeling was strikingly different, with a significant EPC treatment effect on infarct transmurality in the worst affected segments (overall p ϭ 0.02 for segments with transmurality 50%, p ϭ 0.005 for segments with transmurality 75%, and p ϭ 0.003 for segments with 90% infarct transmurality) (Online Fig. 2 ). Myocardial perfusion, assessed in the area at risk (segments 5-6-11-12) during first-pass perfusion imaging, showed a trend for a greater relative upslope in EPC (72% [Ϫ2 to 119]) as compared with CON (25% [Ϫ33 to 236]) and MSC (Ϫ2% [Ϫ28 to 84]). Histological analysis. PROGENITOR CELL ENGRAFTMENT/ SURVIVAL. Immunohistochemical analysis with GFP antisera and confocal analysis to detect labeled MSCs in the infarcted heart (Fig. 3A) suggested the presence of GFPpositive cells in the infarct border zones These cells were also immunoreactive for desmin, as demonstrated on 5-m adjacent sections (Figs. 3B and 3C ). However, dual photon microscopy with spectral analysis failed to confirm the characteristic GFP emission spectrum at 509 nm in these areas (Figs. 3D to 3G ), qPCR analysis failed to amplify GFP-transcripts in the border or infarct area from all 11 pigs, and immunoblot analysis with GFP-specific antisera did not reveal GFP immunoreactivity (data not shown). Prussian blue staining of sections from the infarct core and border zone of EPC-treated animals indicated focal areas with small vessels that contained feridex-labeled cells, which were immunoreactive for lectin (Figs. 3H to 3J ). In the pigs who underwent cell transfer with LacZ-labeled EPC and MSC, LacZ histochemical staining of sections from the infarct core and border zone 6 weeks after cell transfer showed incorporation of labeled EPCs (Figs. 3K and 3L) but not MSCs. Labeled EPCs co-expressed von Willebrand factor (Fig. 3M) and were lining neovessels with smooth muscle actin-positive cells in the media (Fig. 3N) , hence, they were capable of supporting blood flow. The qPCR analysis confirmed high LacZ transcript levels confined to the ischemic myocardium (data not shown). Histochemical analysis of labeled cells in remote organs did not find evidence for cell homing in other organs, other than for EPCs in splenic sinusoids, intersinusoidal red pulp around cords of Billroth, and endothelium of splenic venules (Figs. 4A and 4C). In the lung (Figs. 4E to 4H), LacZ expression was confined to the alveolar parenchyma of MSC-treated pigs (Fig. 4F) . Taken together, these data suggest that allogeneic MSCs failed to permanently engraft, proliferate, or transdifferentiate in the ischemic territory after IC injection 6 weeks after AMI, whereas late-outgrowth EPCs participate in neovascularization.
VASCULAR DENSITY IN INFARCT CORE AND BORDER
ZONE.
To evaluate whether changes in infarct remodeling and perfusion were associated with enhanced neovascularization, vascular density was determined on lectin-stained sections from the infarct core, border zone, and remote myocardium (Fig. 5) . No differences were seen between groups in the infarct core or remote myocardium. However, in the border zone, vascular density was significantly higher in EPC rather than in CON and MSC (p ϭ 0.01). Representative examples from the infarct border zone of CON, EPC, and MSC show 15%, 34%, and 20% capillaries over total number of cells/high-power field, respectively. Interestingly, a trend toward higher expression levels of the anti-apoptotic BCL-XL gene was seen in EPC rather than in CON and MSC, most likely attribSecretome of EPC and MSC Values are presented as median (minimum to maximum); n indicates the number of experiments. PLGF ϭ placental growth factor; other abbreviations as in Table 1 . Dubois et al. May 18, 2010 May 18, :2232 Progenitor Cell Repair After Myocardial Infarction utable to paracrine trophic effects of EPCs on cardiomyocytes at risk in the border zone (Online Table 2 ).
MRI Data at 1 Week and 7 Weeks After AMI
EXTRACELLULAR MATRIX DEGRADATION AND VENTRICULAR
REMODELING.
Infarct patterns are shown on representative TTC stains from the 3 groups (Figs. 6A to 6C ). Quantitative PCR analysis in the infarct border zone showed that matrix metalloproteinase (MMP)-2 is the most abundantly expressed metalloproteinase in the infarcted porcine heart. Its expression was significantly reduced in EPC-treated pigs compared with MSC and CON (Online Fig. 3 ). Transcript levels of the other MMPs and thrombospondin-1 did not differ between groups. These findings were associated with lesspronounced MMP-2 immunoreactivity in the infarct border zone of EPC-treated pigs (Figs. 6D to 6F ). Sirius red staining (Figs. 6G to 6I) and polarized light microscopy of the infarct border zone (Figs. 6J to 6L) showed a better organized scar in EPC than in CON and MSC. Finally, a trend toward reduced porcine brain natriuretic peptide and porcine atrial natriuretic peptide transcript levels in the infarct border zone was detected in EPCtreated animals, consistent with the observed changes in remodeling (Online Table 2 ).
Figure 3 Histological Analysis of Progenitor Cell Engraftment in the Infarcted Myocardium
At 7 weeks, transverse sections of the heart stained with 2,3,5-triphenyltetrazoliumchloride show infarct core, border zone, and remote area (A). Immunohistochemical staining with desmin (B) and green fluorescent peptide (GFP) antisera (C) in border zone of pigs treated with enhanced GFP-transduced MSCs. The GFP-positive cells were also immunoreactive for desmin, as demonstrated on 5-m adjacent sections (arrows). Dual photon laser microscopy (D) with spectral analysis (E) failed to show the characteristic 509-nm GFP-emission amplitude in myocardial tissue sections, whereas the characteristic GFP emission wavelength was clearly present in lenti-GFP infected bone marrow cells (positive controls) (F, G). Prussian blue staining of sections from infarct border zone (arrowheads) of EPC (H) (desmin staining) showed focal areas of small vessels containing Endorem-labeled cells (arrows, I), which are reactive to lectin staining on 5-m adjacent sections (arrows, J). Six weeks after cell transfer of beta-galactosidase-labeled EPCs (K), beta-galactosidase histochemical staining of sections from the infarct border zone showed incorporation in neovessels (arrows, L), which were also immunoreactive for von Willebrand factor (arrows, M) and smooth muscle actin in the media (arrowheads, N). Abbreviations as in Figure 1 .
Biodistribution of Labeled MSC and EPCs After Intracoronary Injection
Localization of beta-galactosidase (LacZ) labeled (blue) EPCs (A, C, E, G, I, J) and MSCs (B, D, F, H, K, L) in extracardiac tissues 1 week after delivery. After LacZ staining, histologic sections were stained with alpha-smooth muscle actin antisera (brown) and counterstained with nuclear fast red. In the spleen (A to D), strong LacZ expression was confined to the sinusoids (arrowheads), intersinusoidal red pulp around cords of Billroth, and endothelium of venules (arrows) in EPC-treated pigs. The LacZ expression was absent in splenic arterioles and surrounding lymphoid white pulp (asterisks) or trabecular meshwork (brown) of EPC-and MSC-treated pigs. In lungs (E to H), LacZ expression was only detected in alveolar parenchyma of MSC-treated pigs (F, arrows and inset) but not in EPC pigs (E). No LacZ expression was detected in bronchioles or peri-bronchiolar lung tissue (G, H), liver (I, K), or kidney (J, L). Abbreviations as in Figure 1 .
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Discussion
In this study we report that IC infusion of autologous late-outgrowth EPCs 1 week after AMI does not enhance LV global function recovery but prevents LV volume expansion as measured by MRI at 7-week follow-up. In pigs randomized to allogeneic MSCs or CON, LV remodeling after myocardial infarction was characterized by marked ESV and EDV expansion (Online Fig. 1, Table 3 ), which exceeded natural growth-related increase greater than 2-fold over the same period. Transfer of late-outgrowth EPCs was associated with better infarct remodeling, as evidenced by smaller transmural extent of delayed enhancement in most severely affected myocardial segments (Online Fig. 2 ) and by significantly greater vascular density (Fig. 5 ) and a trend toward enhanced anti-apoptotic gene expression and reduced natriuretic peptide expression in the infarct border zone. Postmortem dual photon microscopic analysis failed to provide evidence for progenitor cell-mediated cardiomyogenesis, but confocal analysis clearly demonstrated incorporation of genetically labeled EPCs in muscularized neovessels in the infarct border zone (Fig. 3) . Gene expression and protein release profiles of cultured progenitor cell populations are consistent with a greater neovascularization potential of autologous late-outgrowth EPCs compared with allogeneic MSCs and might hold promise for novel cell-based strategies to target post-infarction heart failure. We compared functional repair capacity of 2 selected well-characterized progenitor cell populations in a representative large animal model of ischemic cardiomyopathy. To distinguish autocrine versus paracrine effects of infused cells, we used robust molecular labeling strategies in combination with dual photon laser microscopy of the infarct core and border zones. We did not detect engrafted or transdifferentiated MSCs 6 weeks after injection in the IRA, consistent with recent reports from several laboratories that have suggested indirect vasculogenic effects or stimulatory effects on endogenous resident stem cells (17) (18) (19) . Loss of plasticity of infused allogeneic MSCs after lentiviral infection or multiple in vitro passages or impaired growth factor synthesis capacity is unlikely, as evidenced in osteogenic and adipogenic differentiation assays and secretome analysis. However, alternative cell delivery methods, including intramyocardial injection of MSC or cardiomyogenic pre- specification of MSCs before in vivo transfer, might enhance their biological repair capacity (20) . Of note, we observed that IC infusion of 10 ϫ 10 6 MSC was associated with a transient reduction in epicardial coronary flow, as measured by MRI, precluding IC injection of higher doses and suggesting that direct intramyocardial injection might be preferable for larger progenitor cells. A similar impediment in epicardial coronary flow was recently reported in an open chest swine model with online near-infrared imaging (21) . In contrast, 6 weeks after EPC transfer we observed focal areas containing Prussian blue-stained cells lining small vessels in the infarct border zone (Fig. 3) , suggesting partial engraftment and survival of EPCs in the border zone. Endorem labeling does not affect tube formation capacity of late outgrowth EPCs on matrigel (data not shown) but precludes accurate evaluation of in vivo engraftment efficiency, because labeling will be lost upon cell turnover. Therefore, robust genetic labeling with lentiviral LacZ constructs provided proof of concept that transferred late-outgrowth EPCs integrate into new blood vessels.
Because most recent cell-based clinical studies suggest paracrine trophic mechanisms for the observed changes in infarct remodeling or functional recovery (2-4,22,23), we investigated the transcriptome and secretome of both progenitor cell populations. Limited availability of porcinespecific gene sequences and commercial antibodies precluded an in-depth analysis of all growth factors operational in humans. We observed a trend for higher platelet-derived growth factor-b transcript levels in EPCs as well as a trend Dubois et al. May 18, 2010 May 18, :2232 Progenitor Cell Repair After Myocardial Infarction for higher angiopoietin-1, hepatocyte growth factor, IGF-1, IGF-2, and VEGF-A transcript levels in MSCs. Of interest, levels of the pro-angiogenic protein PLGF were significantly and consistently higher in conditioned medium from EPCs compared with MSCs. The latter, in contrast, released more VEGF and IGF-1, which also play a role in angiogenic differentiation pathways. Although proteinand gene-based VEGF administration has failed to induce therapeutic neovascularization in controlled clinical trials, PLFG has recently been shown to enhance postinfarction myocardial repair and collateral flow development via arteriogenesis (24, 25) . The greater neovascularization potential of EPCs in our study was evidenced by a greater vascular density in the infarct border zone (Fig. 5) and by a trend for enhanced myocardial perfusion after MRI contrast injection. The extent to which greater release of PLGF from late outgrowth EPCs is responsible for the observed biological effects needs to be determined in specifically designed follow-up studies and has significant therapeutic implications (26) . The observed changes in LV remodeling in EPC-treated pigs suggest that not only absolute infarct size but, more importantly, the pattern of infarct healing might be clinically relevant. Recent clinical MRI studies have also clearly demonstrated that reduction in infarct transmurality over time determines LV adverse remodeling, development of heart failure, and clinical outcome (27) . Animals treated with EPCs develop less thinning of infarcted myocardial segments, most likely because of enhanced perfusion and reduced apoptosis in the infarct border zone, causing less myocardial strain and infarct expansion. Finally, less LV expansion over time in EPCtreated animals was also consistent with a better-organized fibrous scar (Fig. 6 ) and with reduced MMP2 expression in the infarct border (Online Fig. 3) . Study limitations. We recognize the limitations of replicating clinical conditions in a relatively small set of animals. Although we made every effort to use identical cell transfer and imaging methodologies as in clinical studies and included age-matched control pigs treated with IC placebo injection and a separate series of uninfarcted pigs to account for growth-related volume changes, the remodeling data were obtained after 6 weeks in the absence of beta-blocker or angiotensin-converting enzyme inhibitor therapy in a nonatherosclerotic background. Also, we only studied a single dose of EPCs and MSCs, which were, however, previously determined to be safe and well-tolerated (data not shown). Higher doses of MSCs caused intravascular obstruction (X. Liu, unpublished observations, June 2007). Importantly, we cannot exclude different results after direct intramyocardial injection of MSCs, as demonstrated in previous porcine studies (28, 29) . We are unable to compare our results with selected CD34ϩ-hematopoietic cells, in the absence of available selection markers. Finally, follow-up was limited to 6 weeks after cell transfer, because excessive weight gain precludes MRI analysis thereafter. Therefore, we cannot determine whether or not observed benefits in LV remodeling mitigate development of overt heart failure and increase long-term survival.
